The use of TurboSwirl to obtain an improved steel cleanliness during filling of an ingot was numerically studied by VOF and DPM models. It was found that a radius-reduced TurboSwirl or a proper tapered mold entrance nozzle with an adequate developed region for steel flow can reduce the risk of mold flux entrapment in a mold. The ingot casting process can create highly turbulent conditions inside the mold during the initial stages of casting. Since the TurboSwirl generates much calmer filling conditions it can promote separation of large nonmetallic inclusions. The TurboSwirl also collects large inclusions (200 m) towards the axis of rotation, which should promote agglomeration. In addition, the residence time for inclusions of small sizes can be prolonged, increasing chance of agglomeration, which indirectly promotes their separation from steel. Moreover, the average turbulent dissipation rate in an ingot casting swirl setup is about 40 % higher than that in a no swirl setup. This further facilitates the agglomeration of inclusions before they enter the mold. The removal of nonmetallic inclusions is thus enhanced because of an increasing inclusion collision rate due to both Stokes collisions and turbulent collisions, while maintaining a calm flow inside the mold.
Introduction
Nowadays, it is well accepted that steel cleanliness is of great importance in the steel industry to meet ever-increasing stringent demands on improved steel properties. Here, ingot casting is often used for production of specialty steel, where the quality is of first concern. More specifically, steel cleanliness becomes even more critical as it directly affects the yield and quality of the final product. Therefore, the control of nonmetallic inclusions during the uphill teeming process is of great interest to study from both theoretical and practical perspectives.
Based on their origins, nonmetallic inclusions which are present in the uphill teeming process can be classified into endogenous inclusions and exogenous inclusions. Endogenous inclusions represent mainly products from the secondary refining process. The size range of inclusions before vacuum degassing can reach values of up to 60 m and be smaller than 10 m after vacuum treatment [1] . Due to the fact that aluminum and silicon are the common reducing agents during the deoxidation process, alumina and silica make up the majority of the endogenous inclusions. Their morphological shapes may vary with the thermodynamic and kinetic conditions. Endogenous inclusions may also be generated during the precipitation during solidification. The fraction of this type of endogenous inclusions is usually small, but large clusters might form [2] . Exogenous inclusions are mainly formed as a result of reoxidation, mold flux entrapment, refractory erosion, and chemical reactions [2] . Exogenous inclusions usually have a relatively large size, which makes them detrimental to the quality of the final products. In addition, the source of exogenous inclusions comes from different locations [3] . During production, exogenous inclusions are generated from a combination of different sources, which make their composition complex. Hence, it is hard to fully eliminate the generation of exogenous inclusions during the steelmaking and teeming processes.
In order to minimize the inclusion content, it is necessary to study the growth and removal of nonmetallic inclusions. Many researchers have proposed several mechanisms which are considered to have an influence on inclusions growth [2, 4] . The growth of inclusions is controlled by diffusion of oxygen and deoxidant, Ostwald ripening, local thermodynamics, and Brownian motion when their size is small, that is, smaller than 1 m. In collision due to velocity gradient in laminar shear zones, turbulent collisions and Stokes collisions are also found to be related to the growth of inclusions. Moreover, the significance of turbulent collisions and Stokes collisions has also been suggested [4] [5] [6] . After growing large enough, the inclusions can easily be removed to the mold flux layer by the steel flow due to their increasing buoyancy and by bubble floatation. Also, inclusions can be removed to the refractory surface. Overall, it is necessary to find a common solution to promote nonmetallic inclusions growth and removal so as to further improve the mechanical properties of steel products.
It has long been recognized that the flow pattern plays an important role during the uphill teeming process. An exogenous inclusions generation in the gating system and a mold flux entrapment in the mold have been found to be closely related to the flow pattern in the uphill teeming process [3] . Large macro inclusions generated by the steel flow in the horizontal runner have also been found in the steel sample from the horizontal runner [7] . In addition, the flow-induced wall shear stress can also result in an erosion of a refractory surface [8] . It is possible to modify the feeding system design to optimize the filling and solidification of ingots [9] . By introducing a flow pattern control device, the possibility of exogenous inclusions generation due to a flowinduced wall shear stress and a mold flux entrapment can be reduced [10] . In a recent study by the authors, a refractory geometry modification based on swirling flow generation component, TurboSwirl, showed a great potential to further reduce the amount of exogenous nonmetallic inclusions. The design of the TurboSwirl dates back to a 1914 patent [10] , where at the time the numerical investigation of the system was impossible. The demand on steel cleanliness was also much lower compared today. In the precious paper by the authors, the number of exogenous inclusions generated at the initial filling was believed to decrease since the inlet flow conditions were much calmer compared to the conventional setup. Furthermore, the wall shear stress was also decreased due to the evenly distributed swirling flow [11] . There has also been recent work on producing swirl in continuous casting to improve the flow and temperature distribution in the continuous casting mold [12, 13] . This illustrates that the applicability of swirling flow is not limited to ingot casting alone. In the present work, the potential of using TurboSwirl in uphill teeming to improve the steel cleanliness was further studied. The basic property of the TurboSwirl is to generate a swirling flow that can be used together with a flaring inlet into the mold to decrease the velocity of the steel as it enters the mold. The TurboSwirl setup can be seen in Figure 1. 
Numerical Modelling

Inclusion Collision Theory.
In steel flow two of the main collision mechanisms are turbulent collisions and Stokes collisions. The turbulent collisions model was originally developed to describe the collision of drops in turbulent clouds by Saffman and Turner [6] . In this model, the Kolmogorov length scale was used to find the minimum size of an eddy in a local homogeneous turbulent flow. Later the model was corrected and extended by other authors [5] . The model suggests that a well-designed gating system can promote turbulent collisions, , by properly increasing the turbulence dissipation rate and the number concentration of inclusions in a relatively small volume, for example, bringing inclusions close to the axis of a rotational flow. The size of the smallest eddies in a turbulent flow is given by the Kolmogorov length scale:
where ] is the fluid kinematic viscosity and is the turbulence dissipation rate. If the particle size is smaller than the Kolmogorov length scale, then the turbulence collision volume, , is described by the following equations [5, 6, 15] :
where is the turbulence volume collision rate, is the particle radius of particle , is the ratio between viscous forces and Van der Waals forces, is the fluid viscosity,̇is the fluid deformation rate, and is the Hamaker constant.
When an inclusion is submerged in steel, it experiences a greater pressure from the bottom side than its top side.
This pressure difference results in a net force upward, that is, buoyancy. Due to the nature of nonmetallic inclusions, they normally have a density which is less than that of steel. This causes the floatation of the inclusion in steel. During its floatation, a terminal velocity, V , is reached when the frictional force combined with the gravitational force exactly balances the buoyancy force. This terminal velocity is given by the following expression [16] :
where V is the terminal velocity, is the density of the inclusion, is the density of the steel, denotes the dynamic viscosity of steel, is the gravitational acceleration, and is the particle radius.
As can be seen from above, when two inclusions with different radii are subjected to floatation, the inclusion with a greater size will have a larger terminal velocity. This is quadratically proportional to the radius of the inclusion. Owing to this, the larger inclusion will catch up with the smaller inclusion. Hence, a larger difference in radius results in a faster collision.
When the reference frame is changed into a rotational field, the modified terminal velocity can be expressed as follows:
where denotes the centripetal acceleration. In (7), the natural gravitational acceleration is not considered. The introduction of the modified terminal velocity depicts the tendency of inclusions with different sizes to gather towards the rotational center in a swirling flow. It can be found that an important factor which influences this tendency, besides the radius of an inclusion, is the centripetal acceleration. The concept of a modified terminal velocity will be discussed later in this study.
The Stokes volume collision frequency, , has been suggested by previous researchers as shown below [5] :
where Δ is the difference in density between the particles and the molten steel, and are the particle radius of two different inclusions, and is the viscosity of the molten steel.
Here, it can be found that the collision rate can drastically be reduced when inclusions have a similar size. As shown above, the aim of promoting an improved collision volume is to separate nonmetallic inclusions from steel without them being entrapped inside the ingots after stripping. This can significantly improve the steel cleanliness. The collision volume of a collision mechanism can notably be decreased under certain circumstances. However, the collision rate for the system should be kept or increased in order to maintain the capability to separate nonmetallic inclusions from a steel bath. Therefore, the total collision volume, , is of great concern and it can be written as follows:
where other denotes the collision rate due to other collision mechanisms which may contribute.
Mathematical Model.
Based on the results using a Volume of Fluid (VOF) model from the previous research by the authors [10] , a Discrete Phase Model (DPM model) was adopted in the present work [17] . The inclusions injected were assumed to be alumina particles with a spherical shape and with a density of 3950 kg⋅m −3 . Five different sizes, that is, 2, 10, 30, 100, and 200 m, were adopted in the model. A oneway coupling was used and it was assumed that the fluid flow was not affected by the movement of the particles. This assumption was made considering that the volume fraction of inclusions is very low and the size of the inclusions is small, compared to the computational cells. Virtual mass force and pressure gradient force were used and a stochastic turbulence random walk model was used to include turbulence effects on the motion of the inclusions. Clustering, coalescence, and agglomeration were neglected. Moreover, the removal of inclusions to the refractory surface was not considered, mainly due to the lack of theory for deposition during swirling flows in high temperature melts. The turbulence was modeled by the realizable − model and care was taken to make sure that the size of the computational cells admitted 30 ≤ + ≤ 500.
Results and Discussion
Improved Steel Cleanliness in the Mold.
In order to produce an even swirling flow, the dimension of the TurboSwirl needs to be designed in such a way that the gas phase is separated from the liquid phase without causing an excessive entrapment of gas. This means that the height of the component needs to be large enough, without causing a too large steel loss at the end of casting due to the increased volume of the runner system. The swirl strength can be controlled by changing the radius of the TurboSwirl. A larger diameter decreases the swirl strength. Moreover, the mold entrance nozzle needs to be tapered so as to fit the development of the flow pattern in the vertical runner. Here, a full geometry model based on the previous studies [3, 11, 14] was used to investigate the effect of the radius ( ) and mold entrance nozzle length ( ) variation on the hump height and on the difference between the hump height and the surface height ( ℎ − ). The definitions of the important parameters are shown in Figure 2 and the results are shown in Figures 3  and 4 , respectively. In Figure 3 , the results show that a properly tapered vertical runner (mold entrance nozzle) with an adequately developed region for the steel flow can further reduce the initial hump height. There is an initial high hump height as the steel enters the mold (at around 2.5 to 3 seconds for the cases tested); then there is a slow increase in the hump height as the steel fills the mold. Observe the definition of the hump Figure 2 : Definition of the hump height ( ℎ ), the surface height ( ), and the steel height difference (Δ ) [9] . The mold entrance nozzle height ( ) has been added in the figure. height according to Figure 2 . The steel surface also fluctuates slightly due to the transient nature of the filling and also due to the entrapped gas that originates from the trumpet region of the runner system. It is clear that a developing region of the swirl is beneficial when comparing the different mold entrance nozzle lengths (compare the 35 mm to the 100 mm).
There are however smaller benefits of generating a stronger swirl in this particular case as can be seen when comparing two different radiuses (75 and 60 mm, resp.). It can also be seen that the smaller radius produces a somewhat higher initial splashing at approximately 3 seconds which is probably due to the decreased volume of the TurboSwirl. In conclusion it can be said that the TurboSwirl should be designed so as to minimize the volume of the TurboSwirl, while producing a calm inflow condition. A calmer initial inflow condition opens the possibility to lower the position of the mold powder bags which results in an earlier release of the mold powder and as such a smaller contact time for the steel flow with oxygen in the atmosphere. In Figure 4 , the visible hump height is investigated. It can be seen that the radius-reduced TurboSwirl configuration ( = 60 mm) can further lower the visible hump. Initially there is some splashing at approximately 3 seconds, but later the setup produces a lower visible hump with less fluctuation. This means less risk of mold flux entrapment and less risk of steel reoxidation. It is also seen that the visible hump decreases, as expected, as the filling proceeds. In addition, a properly tapered vertical runner can also create a similar effect, which also has been discussed by other researchers based on simulations of a reduced geometry model [18, 19] .
It should also be mentioned that the mold powder release time and the release method should be adjusted to the current casting system. Therefore, the utilization of TurboSwirl can reduce the generation of macro nonmetallic inclusions, which mainly are formed due to reoxidation and mold flux entrapment.
Improved Steel Cleanliness in the Gating
System. Although generations of researchers have tried to reduce the nonmetallic inclusion generation in the gating systems for years, it is still not possible to fully eliminate them. However, the presence of TurboSwirl creates new possibilities. Based on the results from the above section, a reduced model integrated with TurboSwirl was investigated using a Discrete Phase Model (DPM). A radius of 60 mm was also adopted for the component. After 4 s from the start of the filling process, alumina particles were injected from the inlet of the TurboSwirl for 0.1 s. This corresponds to a total addition of 0.1 g. The total simulation time for the filling process was 8 s. Models used in the DPM description include pressure gradient force and virtual mass force. No consideration was taken with regard to turbulence effects on the particle motion since the near wall behavior was not of interest and also since an isotropic RANS turbulence model was used. After 8 s from the filling start, the distribution of particles with different sizes is shown in Table 1 . It can be found that the distribution of particles measured from the mold inlet axis generally has a diameter of 38-40 cm. This is nearly equal to half of the mold diameter, which is 84.6 cm. However, it is also shown that the particles having a 30 m diameter are distributed with a diameter of 51.2 cm, which is a larger value than for the other diameters. From the particle distribution below the surface, it can be seen that the particles with a diameter of 200 m have the smallest range. In the present work, the size of particles is larger than 1 m; therefore, the process can be studied with Newtonian mechanics. Here, the terminal velocity (V ) in Stokes' law is only used for a comparison, even though it is normally applied for a laminar flow. By considering the terminal velocity, which is shown in Table 2 , it can be found that the particles having a diameter of 200 m have a highest velocity value of 1.1 cm⋅s −1 . This is also seen in Table 1 where the large particles have a much smaller distribution range in the vertical direction (they cluster close to the surface). Thus, it promotes the removal rate of large nonmetallic inclusions to the mold flux during the uphill teeming process.
As has been discussed in the previous research by the authors, the TurboSwirl component can serve as a "collector," which prolongs the residence time of inclusions and promotes the agglomeration of inclusions before they reach the mold [11] . The residence time in the TurboSwirl setup (TS) was compared to a standard setup (SS). In this comparison the mold was omitted and the region surrounding the component was included, as can be seen in Figure 5 . A relatively large number of particles (1500+) were injected in both systems during one time-step and later on tracked as they escaped from the top of the system. In both cases a steadystate flow field was calculated prior to the particle simulation. The particle residence time in both systems was measured by following the volume-average particle concentration in the solution domain. The results can be seen in Figures 6 and 7 . It is clear that the residence time in the TurboSwirl setup (SS) is much higher than the residence time in the standard setup (SS). Looking at the maximum residence time (i.e., when the concentration reaches zero), the increased residence time in the TS is a factor of four longer than in the SS case. From Figure 6 it is also clear that the particle size has a very small impact on the residence time. However, looking at Figure 7 it is seen that the particle residence time for 2, 10, and 30 m particles is very similar and that 100 and 200 m particles stand out as different. The 100 m particle concentration in the TS case decreases slightly faster compared to the smaller particles. However, there is almost no difference in the maximum residence time. For the 200 m particles in the TS case a much longer particle residence time can be seen. The maximum residence time (not seen in the figure) is 11.2 seconds, two to three times as high as the other particle sizes in the TS case and about 11 times as high as the SS case. The main difference in the results is attributed to the pressure gradient that builds up in the radial direction in the vertical pipe in the TurboSwirl. The rotational flow induces a virtual buoyancy on the particles in the direction of the axis due to this pressure gradient. The centripetal acceleration of the fluid gives rise to a modified terminal velocity in the direction of the axis. The profile of the centripetal acceleration for the present model is shown in Figure 8 . It can be seen that the centripetal acceleration can reach a value of 59.3 m⋅s −2 , which is more than five times higher than the gravitational acceleration. Therefore, the centripetal acceleration can have an influence in gathering nonmetallic inclusions towards the rotational center of a swirling flow. The comparison of the maximum modified terminal velocity using a TurboSwirl can be seen in Table 3 . Although the modified terminal velocity in the radial direction can be increased by six times compared to the terminal velocity in the axial direction, the tendency for particles of a 2 m diameter to gather towards the center and leave for the mold is still very weak. It is also understood that the rotational flow decreases with an increasing distance from the TurboSwirl due to wall friction.
The nonmetallic inclusions can also be removed due to turbulent collisions. As mentioned above, a well-designed gating system can promote turbulent collisions by properly increasing the turbulence dissipation rate and the number concentration of inclusions in a relatively small volume. Nowadays, it is a trend that some steel companies try to reduce the size of inclusions to an even smaller scale, that is, a submicron size. Meanwhile, it is also necessary to remove nonmetallic inclusions of a larger size, that is, in the order of millimeter. The 200 m particles in the present case simulations are close to the average Kolmogorov length scale and because of this the validity of (2) could be questioned; however recent experimental studies have shown that the acceleration and velocities of inertial particles with sizes larger than the Kolmogorov length scale in an intense turbulent flow can still be characterized by introducing a correction based on the particle Reynolds number [20] . Since no agglomeration of particles was considered in the present case, inclusions with a diameter of 2 m and 200 m were investigated for both a setup with swirl (TS) and a setup with no swirl (L).
The average dissipation rate in the gating system, excluding the mold, during the filling process is shown in Figure 9 . It can be seen that the average dissipation rate in a swirl setup is about 40% higher than that in a setup with no swirl, which can promote the removal of nonmetallic inclusions due to turbulent collisions. In addition, it can also be noticed that the dissipation rate decreases as the filling proceeds. This indicates that the removal efficiency is reduced when a ferrostatic pressure builds up in mold. A comparison of the range of dissipation rate of the entire system is shown in Table 4 . It can be seen that the range of dissipation rate for the no swirl setup is much larger than that for the swirl setup. This means that a much calmer filling condition is achieved in the swirl setup compared to the setup with no swirl. The number concentration of nonmetallic inclusions is another important factor which determines the collision rate of inclusions due to turbulent collisions. In the swirl setup, it can be divided into three parts, that is, a generation part (component), a developing part (vertical runner), and a result part (mold). The developing part is of great interest to study as it is an essential region to control the distribution of inclusions as is shown in Figure 10 . Owing to the nature of a swirling flow, the profile of the inclusion population in a vertical runner is different from that in a no swirl setup, as can be seen in Figure 11 . Here, the percentage represents the inclusion population in the vertical runner out of the total inclusion population injected into the model. It can be seen that the inclusion population in the vertical runner of a no swirl setup decreases continuously whereas a monomodal result appears in the vertical runner of a swirl setup due to a swirling flow. In the vertical runner of a no swirl setup, a higher value presents for particle with a diameter of 200 m. This results from a recirculation region in the elbow of the runners, which is due to an uneven flow distribution. In the swirl setup, the component prolongs the residence time for inclusions in the TurboSwirl. This leads to a more even profile for inclusions entering the vertical runner. In addition, the centripetal acceleration promotes nonmetallic inclusions gathering towards the rotational center, which results in a nonlinear increase of the profile. Note that the inclusion injection is only for 0.1 seconds; a continuous injection would create a different pattern. The current information serves to illustrate that the inclusion residence time in the vertical runner is very much affected by the usage of swirl. Due to the nature of a swirling flow, it causes the lighter nonmetallic inclusions to have a centering movement. As an evaluation method a cylindrical volume was investigated for inclusions in the vertical runner. The cylinder diameter was analyzed by 1, 2, and 3 cm in a concentric way (the diameter of the vertical runner is 4.5 cm). The profile of the inclusion population evolution in the vertical runner is studied. The results for 200 m and 2 m are shown in Figures 12 and  13 , respectively. It can be seen that a maximum value of 48% out of the total inclusion population of a 200 m size in the vertical runner can be concentrated in the volume that has a diameter of 1 cm. The corresponding value is 51% for inclusions of a 2 m diameter. Here, the maximum optimization of nonmetallic inclusions concentration in the center is suggested in future work. The profile of the number concentration of nonmetallic inclusions located within a diameter of 1 cm of the vertical runner axis is shown in Figure 14 . It can be seen that the number concentration for the no swirl setup decreases very fast due to a lack of a centripetal acceleration. However, in the vertical runner, the number concentration for the swirl setup can reach a value of up to 11.4% for inclusions of a 200 m size and 5.1% for inclusions of a 2 m diameter out of the total nonmetallic inclusions presented in the gating system. It can clearly be seen that the utilization of TurboSwirl can increase the number concentration of nonmetallic inclusions in the gating system, especially for inclusions of large sizes. Therefore, the collision rate of inclusions due to turbulent collisions can also be enhanced.
Conclusions
The present study focused on revealing the effects TurboSwirl has on improving the steel cleanliness. It is found that the utilization of TurboSwirl can improve the steel cleanliness by reducing mold flux entrapment and by increasing the nonmetallic inclusions collision rate due to both Stokes collisions and turbulent collisions. The following specific conclusions may be summarized from the current study: adopting a tapered mold entrance nozzle with an adequate developing region for the steel flow in a swirl setup, the swirl can be tailored to most uphill teeming systems. The steel cleanliness can further be improved in the mold when the mold powder release time and the release method are adjusted to the current casting setup.
(2) The removal rate of large nonmetallic inclusions by mold flux in the uphill teeming process can be promoted by using TurboSwirl. For inclusions of small sizes, the component can serve as a "collector," which prolongs the residence time of inclusions and promotes inclusion separation from the steel. The residence time for inclusions in the TurboSwirl component is approximately four times longer compared to a conventional setup at the same flow rates.
(3) The utilization of TurboSwirl can promote turbulent collisions by properly increasing the turbulence dissipation rate and the number concentration of inclusions in a relatively small volume. The average dissipation rate in the swirl setup is about 40% higher than that in a setup without swirl. The maximum efficiency for gathering inclusions towards the center volume, within a diameter of 1 cm of the axis, can be up to 48% out of the total inclusion population in the vertical runner for inclusions in size of 200 m and 51% for that of inclusions with a diameter of 2 m. The number concentration for the swirl setup can reach up to 11.4% for inclusions of a 200 m size and 5.1% for inclusion with a diameter of 2 m. This compared to the total nonmetallic inclusions present in the gating system.
In summary, the use of TurboSwirl reveals a great potential for improving the steel cleanliness. The inclusions distribution and collision rate are related to the Kolmogorov scale in the filling process. The boundary condition, that is, teeming rate, has great influence in removing nonmetallic inclusions in uphill teeming process. Therefore, it is highly desirable to perform plant trial or physical modeling verification for the model in the future. 
Nomenclature
